Introduction
Fiber Bragg grating (FBG) sensors are proving to be a valuable diagnostic for detonation and shock sensing [1, 2] . They provide very good detonation and shock tracking performance when compared to other established methods such as electrical pins, optical streak camera recording, or velocimetry. These sensors can be attached to inert and high explosive (HE) materials as surface or embedded probes, and because they operate in detonation and/or shock environments, their versatility makes them attractive as dynamic sensors in detonation and shock events of materials that are otherwise difficult to diagnose using surface-only probes. At Los Alamos, we have applied the technology to develop a diagnostic baseline for both HE detonation and shock velocity measurements. In the HE detonation case, we seek to establish confidence levels in the approach by performing measurements that attempt to determine precision and response speeds. The HE detonation measurements are aimed at demonstrating precision through comparison with complementary diagnostics, and are also aimed at determining response times by making measurements in cases where the detonation velocity is expected to vary, such as in a situation where multiple explosives are used. We also aim at testing FBGs where the total burn distances are long, i.e., tens of centimeters. With temporal resolution currently at the ten nanosecond level, we have applied FBG sensing to the following tests: detonation tracking up to a ~200 mm long run using concatenated FBGs, detonation across multiple boundaries of differing HE types, and detonation-to-shock tracking across an HE/inert material interface.
Methods
The detonation velocity detection system is described in detail elsewhere [2] , and we give a brief description here. A block diagram of the experimental setup is shown in figure 1 . We use an incoherent broadband amplified spontaneous emission (ASE) source centered about the well-known telecommunication C-band (1525 nm -1565 nm). Light from the ASE light source is launched into a single-mode fiber system and then to a 3-port power circulator. The power circulator directs light to the embedded chirped FBG (CFBG) sensor at port 2. The CFBG sensor consists of a linearly chirped grating written along a predetermined length of bare SMF-28 with maximum reflectivity within the Cband. Detonation wave tracking is accomplished using the sensor by being in direct contact (embedded or surface) with the HE. As the HE detonation wave travels along the length of the sensor, the fiber's index of refraction is first modified by the intense shock driven into the fiber by the adjacent high-pressure detonation products as the wave propagates axially along the grating's length. In rapid succession, the grating is consumed by the high temperatures and pressures associated with this event. Shock-processed portions of the grating no longer transmit/reflect light due to substantial modification to the local index of refraction and damage of the grating structure. Since spectral encoding of the CFBG wavelength reflection band is linear with length (linear chirp), propagation of a detonation axially along the fiber grating continuously and linearly reduces the reflected grating bandwidth as a function of time. Thus, the detonation phase velocity along the fiber axis can be measured by a CFBG embedded in the HE or placed at various boundaries capable of accommodating the bare 150-m-diameter fiber (125 m for cladding with 25 m of recoating, typically polyimide). For our experiments, power levels launched into the CFBG detonation velocimetry system were typically 0.0 dBm (1 mW). Near complete total reflection (> 90% light return) off the CFBG occurs along the detection leg of the system. After reflecting off the CFBG, the reflected light is directed through the power circulator at port 2, where only reflected light off the CFBG is detected at the circulator output port (port 3) using a fast (125 MHz BW) InGaAs photodetector. Dynamic recording of the event is done with a fast recording digitizing oscilloscope. The current bandwidth of the measurement system is limited by the response time of the photodiode. Transformation from the experimentally recorded trace of voltage versus time at the detector is related to the length/position versus time response function of the grating after data reduction. The grating reflection bandwidth is centered at 1550 nm, but is less than the bandwidth of the ASE light source so that the flattest spectral portion of the ASE source overlaps with the grating reflectance band. The reflected intensity, R, is proportional to the integrated return light spectrum off the grating. However, since encoding of grating length versus wavelength is linear, R is linearly proportional to L and  provided that the grating reflected spectrum produced by the ASE light source can be assumed to be an idealized flat-top. In general, the integrated light return voltage signal is, (1)
where, a is a normalization constant, S G () is the grating reflection spectrum, ASE() is the light source spectrum, and  1 and  2 are the lower and upper wavelength limits, respectively. Here we assume  2 is the wavelength position where the detonation wave is located, i.e., L(t)  R(t), and  1 corresponds to the shortest wavelength reflected by the grating, which is located nearest to the light source. We also assume that the photodiode has a flat spectral response across the CFBG reflectance band. Data analysis yields time-of-arrival data L(t) for a detonation propagating along the CFBG sensor. The temporal derivative of L(t) computes the local detonation phase velocity along the fiber.
Results
In this paper we report on two detonation example tests utilizing CFBGs. The first test is a single HE detonation run along a PETN detasheet diagnosed by two concatenated 100-mm-long CFBGs and by a set of electrical wire pins. The second example is a cylindrical rate stick comprised of multiple HE types diagnosed by seven CFBGs (two 100 mm and five 10 mm CFBGs).
A photograph of the PETN detasheet test is shown in figure 2 . For the second example, a rate stick test comprised of multiple HE types was used to test the sensitivities of two different CFBGs, each with a different linear chirp rate. The goal was to test spatiotemporal sensitivity effects by combining a measurement where the expected detonation velocity differences (by using different HE materials) can be simultaneously tracked with two CFBG with different linear chirps. In figure 4 we show an illustration of the HE assembly and the locations of Table 1 below lists the length, position, and material mapping for the seven CFBGs used in the test. The objective is to catalog differences in the performance of the long (100 mm) CFBGs versus the short (10 mm) with respect to the ability to record sudden changes in detonation velocity. The results are shown in figure 5 for the 100-mm and 10-mm CFBGs. table 2 . Also note that in (f), a shock wave is launched into the inert PMMA plastic is measured at 4.8 mm/s.
Comparing the results between two sets shows a slight difference in the ability of CFBGs to detect abrupt changes in slope (velocity) between material interfaces. The 10-mm CFBGs appear to better track the change at the interface as a result of their better spatial resolution, and we determine that the response time is sub-50 ns to changes in slope (velocity). This limit, however, may not be intrinsic to the CFBG detection system, but possibly a function of the disruption in the burn front and material flow across a boundary between different HE materials. For example, for a detonation front traveling at 7 mm/s, in a 50 ns window the front has travelled ~350 m, and this distance may not sufficient for establishing a steady flow across reactive boundaries. Further tests with faster velocity changes are necessary establish the time resolution limit of CFBGs for detonation velocity measurements. Table 2 lists the accepted and measured values for the detonation measurements made in this test. The last column is the experimentally measured averaged detonation velocity as measured by the average of the two 10-mm CFBGs that were placed on each HE. Finally, it also important to briefly highlight the shock velocity as measured in the transition between PBX 9502 and the inert PMMA plastic. The shock impedance mismatch between the zones accounts for the reduction of the shock velocity launched into PMMA, and demonstrates the CFBG ability to track shock position, provided the shock pressure is high enough to extinguish light return from the CFBG as it travels along the sensor. The ringing in the signal at the near the end of record in the PMMA (figure 6(f)) is indicative of an attenuating pressure shock that appears to disrupt the sensor (but not destroy it) after a few mm of propagation into the material. In the PETN detasheet test, we show that a detonation along single-HE burn results in a velocity accuracy of the CFBGs to 0.13% when compared to the pin data. In the detonation involving multiple-HE materials, we show that gratings with larger chirp rates have better sensitivity to changes in velocity. The results for 10-mm (chirp: 0.35 nm/mm) gratings compared to 100-mm (chirp: 3.5 nm/mm) gratings show that changes in velocity are better tracked (sub-50 ns) by the 10-mm gratings because of the better spatial resolution than the 100-mm gratings. However, the fastest time resolution is still yet to be determined as the tests conducted have not tested the ultimate limit of the grating or detection system.
